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Abstract 
Membranes were manufactured using a novel plasma sputtering technique that rendered the surface hydrophobic. These 
membranes are cost effective compared to Teflon (polytetrafluoroethylene, PTFE) and allow for a greater selection of membrane 
alternatives. The nylon substrates used here were surface treated for 30 minutes at a power rating of 100 W to achieve an optimal 
surface contact angle of 151° and a surface fluorine concentration of 40 %. Reductions in surface oxygen and carbon levels of the 
treated membranes suggested surface masking of the substrate, typical of sputtered surfaces. The breakthrough pressure of the 
membranes was found to be independent of the surface properties and was optimized at 200 W and 90 minutes of treatment. This 
suggests that penetration of the membrane pores by hydrophobic sputtered material improves the resistance to wetting. 
Membrane stripping experiments show that at elevated temperatures plasma sputtered nylon has increased mass transfer over a 
comparable PTFE membrane. Both membranes displayed signs of wetting as a result of elevated system temperature which 
causes a reduction of the solvent surface tension, that contributes to wetting. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The use of coal is predicted to be the dominant fuel in the power sector until 2020 [1]. This along with other 
sources of fossil fuel energy are expected to severely affect the globe’s climate through the greenhouse gas effect 
[2]. One option to reduce the emissions of coal fire power stations is to utilize carbon capture and storage (CCS). 
Here carbon dioxide is separated from a flue or syngas, compressed and stored in saline formations, coal seams, 
depleted oil reserves or geologically [1]. 
A commonly used separation technique is solvent absorption of carbon dioxide in an alkali solvent [3-8]. This 
process enables high throughput and selectivity for the acidic carbon dioxide gas [9] over other gases which do not 
have an influence on the climate. Contactors for this process include venturi scrubbers, packed columns, spray 
towers and bubble columns [10].  
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These contactors have many deficiencies that contribute to system inefficiencies such as reduced mass transfer. 
Flooding, channeling and entrainment [9] are some hydrodynamic issues intrinsic to the design of these systems. 
Microporous membrane contactors are an alternative that reduces gas and liquid phase interactions, mitigating 
reductions in efficiency, commonly experienced by more conventional systems [9, 11, 12]. These systems are in 
most cases more cost effective. Here a membrane provides the surface area for mass transfer and separates the two 
contacting phases allowing for their independent control [13]. Most research to date has focused on the absorption of 
carbon dioxide into alkali solvents [10, 14-16]. Few authors have focused on the desorption of carbon dioxide [17], 
mainly due to the limited selection of membranes appropriate for the elevated temperatures, typical of this process 
[18]. Those which are polymeric are usually limited to fluoropolymers such as polytetrafluoroethylene (PTFE). 
These are expensive and difficult to manufacture into formats appropriate for contactors. 
Alternatives to PTFE have been successfully developed using novel plasma sputtering techniques [19]. 
Hydrophobic properties are imparted onto a solid surface by covalently bonding fluoropolymer fragments using 
radio frequency generated plasmas. The source of such fragments is most commonly derived from the ionization of 
tetrafluoromethane gas (CF4) [20-22]. Less common is the direct ionization of a solid fluoropolymer target for this 
purpose. 
The benefits of operability and cost associated with membrane contactors, provides a substantial motivation for 
developing membrane alternatives to PTFE. In this study, PTFE is sputtered onto microporous nylon membranes in 
order to understand the development of a hydrophobic layer on its surface. 
2. Theory 
 
The addition of a membrane between the gas and the liquid phases introduces an additional resistance which can 
severely influence mass transfer if not managed correctly. Ideally the pores of the membrane should be gas filled as 
the diffusivity of carbon dioxide is typically 1000 times greater than that with liquid. To reduce penetration of the 
solvent into the pore, membranes are commonly selected on the basis of their surface hydrophobicity. Resistance to 
wetting is usually evaluated by way of a breakthrough pressure measurement; the amount of pressure required to 
force a liquid through the membrane pore. The Laplace-Young equation relates the surface contact angle ( ), which 
describes by the interaction of a solvent with the membrane, solvent surface tension (  ) and pore diameter (d) into 
one equation which can be used to predict the breakthrough pressure ( P ) based on these variables: 
  
(1) 
Membranes can be compared through measurement of their mass transfer coefficient. The mass transfer 
coefficient is derived from the mass flux of a membrane and is defined by the following equation: 
  
 A overall 0N K A(y* y )   (2) 
Where NA, Koverall, A, y* and y0 are the volumetric flux, mass transfer coefficient (gas phase), membrane surface 
area, equilibrium gas mole fraction and bulk gas mole fractions respectively. All but the mass transfer coefficient 
can be determined experimentally. 
3. Experimental 
Microporous hydrophilic nylon membranes (Microanalytix, Australia) were treated in an rf plasma generator 
operated under high vacuum. Membranes were placed on the anode with the surface to be treated facing a PTFE 
target, fixed to the cathode. This was all housed within an evacuated quartz chamber having a diameter of 35cm.  
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The working gas (argon high purity, BOC gases, 99.99%, Australia) was admitted into the chamber at a flow rate 
of 5 cm3.min-1. Membranes were treated for various time intervals and power ratings to determine the optimal 
operating conditions for plasma sputtering of the microporous nylon substrate. 
Membrane surface hydrophobicity was analysed using contact angle measurement and X-ray photoelectron 
spectroscopy (XPS). The contacting fluid used in the goniometer was RO water (Millipore, ELIX 20, >5 M.cm, 
<0.2 S.cm-1, USA). Four separate measurements were taken over the surface of two different membranes to ensure 
consistency. XPS measurements were made using an Axis Ultra spectrometer (Kratos Analytical, UK) with a 
monochromatic X-ray source operating at 150 W. Again, several locations on the membrane were analyzed. Species 
important to describing the surface of the membranes used here were fluorine (F), oxygen (O), carbon (C) and 
nitrogen (N). Fluorine is known to increase the hydrophobicity of materials by reducing the potential for surface 
dipole moments to form. 
Membrane stripping experiments were conducted using a stirred contactor described elsewhere [23]. The solvent 
was 30% w/w potassium carbonate having an initial solvent loading [18] of 0.2. This was heated to 60, 80, 90 and 
100C and the stirrer was set to 200 rpm to ensure sufficient liquid phase turbulence, mitigating the formation of 
boundary layers. Plasma treated nylon membranes were compared against PTFE membranes (Sartorius Stedim 
Biotech, 47mm PTFE 0.2m Disk filter, France) that required no further treatment prior to the stripping 
experiments. 
4. Results and Discussion 
Nylon membranes were plasma treated with the PTFE sputtering technique and optimized for treatment duration, 
power rating and working gas (argon) flow rate. Initially surface properties of the treated membranes were analyzed 
using water contact angle and XPS. Table 1 shows the optimized plasma sputtering conditions for the nylon 
membrane substrates used here.  
Table 1 This table summarises the optimal settings for the plasma sputtering treatment used to make hydrophobic 
nylon substrates. 
Parameter Optimal Setting for 
Contact Angle 
Contact Angle Optimal Setting for XPS 
Measurement 
(fluorine concentration) 
Power Rating  
(W) 
100 151 200 
Treatment Time  
(minutes) 
30 151 20 
Argon Gas Flow Rate 
(cm3.min-1) 
Any (0.5 to 6) 151 Any (0.5 to 6) 
 
The sputtering treatment was found to be insensitive to the flow rate of the working gas. As long as the plasma 
remained ignited (glowing) and was not extinguished by quenching of the chamber by excess gas (> 6 cm3.min-1), 
surface contact angles remained stable, as did fluorine concentrations (~60 %), as indicated by XPS. Insufficient 
working gas flow rate (< 0.5 cm3.min-1) had a similar effect. 
The surface properties of the membranes were severely influenced by treatment duration and power rating. The 
contact angles of the membranes rapidly increased from a hydrophilic angle of ~40 to a hydrophobic angle of 151 
for treatment times above 30 minutes and power ratings in excess of a 100 W. These findings were supported by 
XPS measurement that showed a rapid increase in the fluorine concentration of the surface of the nylon substrate 
from 0 % to 40 % (100 W) or 60 % (200 W). XPS measurements also illustrated (not shown here) that carbon and 
oxygen concentrations were largely reduced after treatment indicating masking of the membranes surface by the 
sputter PTFE material. 
Figure 1 shows the breakthrough pressures of the plasma sputtered membranes after treatment. At the conditions 
where the surface properties of the sputtered membranes were optimised the breakthrough pressure is negligible. 
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This is surprising considering that equation (1) predicts a direct relationship between breakthrough pressure and 
contact angle. This is not the case for these membranes.  
Extended treatment beyond that required to attain the optimal surface properties were tested. These show that the 
breakthrough pressure of the membranes can be increased substantially above that of both the virgin membrane 
material and those with optimal surface hydrophobicity. Two explanations could be made for this phenomenon.  
The first is that sputtered PTFE material might be penetrating the membrane pore structure to a depth which 
cannot be measured by surface analysis alone. Pores with sputtered material within them may then contribute to 
wetting resistance (change in breakthrough pressure) not accounted for by equation (1). Given the limited 
application of equation (1) to different pore geometries and structures this is a likely explanation.   
 The second reason for the large change in the breakthrough pressure may be linked to a reduction in the pore 
diameter of the membrane. Sputtered material may be covering the pores preventing penetration of solution in 
accordance with predictions made by equation (1). However, given the diameter of the pore is several orders of 
magnitude greater than that of the surface treatment thickness it is unlikely that pore blocking is having a great 
effect on the breakthrough pressure. Further work evaluating mass transfer was conducted using membranes 
optimised for breakthrough pressure (ie: 90 minutes treatment time at 200 W). 
  
 
 
Membranes were tested for their mass transfer properties using a stirred contactor with a carbon dioxide loaded 
30 %w/w potassium carbonate solution. Figure 2 compares the mass transfer coefficient of the plasma treated nylon 
membrane and that of a microporous PTFE membrane. 
The plasma sputtered membrane has superior mass transfer for all temperatures examine here. Like the PTFE 
membrane the sputtered nylon is affected by wetting of the membrane at high stripping temperatures. Wetting 
influences the performance of the system by reducing the mass transfer coefficient. For nylon this effect is 
illustrated by a reduction of the mass transfer coefficient between 90 and 100C. PTFE is affected similarly as seen 
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Figure 1 This graph shows the influence of plasma sputtering treatment time and power 
rating on the breakthrough pressure of a treated nylon substrate. 
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when comparing the mass transfer coefficients at 80, 90 and 100C. Here K is constant where it would be expected 
to increase with temperature as seen for the sputtered nylon membranes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Conclusions 
Membranes that are cost effective compared to microporous PTFE were manufactured using hydrophilic 
microporous nylon, sputtered with a thin layer of PTFE; using an rf plasma. These membranes showed optimal 
surface properties for treatment times of 30 minutes and power ratings of 100 W for contact angle and 200 W for 
fluorine deposition (a measure of surface hydrophobicity). The surface treatment was found to be insensitive to the 
flow rate of the working gas when the plasma remained ignited. The breakthrough pressure of the sputtered nylon 
membrane was found to be independent of the surface properties of the membrane.  
It was found that although a membrane can maintain a high level of surface hydrophobicity its breakthrough 
pressure can remain unchanged from that of a hydrophilic membrane. Further investigation determined the optimal 
parameters for maintaining a high membrane breakthrough pressure to be 200 W and 90 minutes of treatment time. 
Membranes manufactured here were tested against microporous PTFE membranes in a stirred membrane 
contactor under stripping conditions. Nylon was found to have superior performance having a mass transfer 
coefficient at 100C of 2.95 m.s-1, as compared to PTFE’s 1.6 m.s-1. The nylon, similar to the PTFE suffered from 
wetting at elevated temperatures typical of solvent stripping of carbon dioxide from loaded potassium carbonate 
solutions. 
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Figure 2 This diagram compares the mass transfer coefficient of plasma treated nylon with a 
microporous PTFE membrane. 
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